Abstract: In this study, a high-performance composite was prepared from jute fabrics and polypropylene (PP). In order to improve the compatibility of the polar fibers and the non-polar matrix, alkyl gallates with different hydrophobic groups were enzymatically grafted onto jute fabric by laccase to increase the surface hydrophobicity of the fiber. The grafting products were characterized by FTIR. The results of contact angle and wetting time showed that the hydrophobicity of the jute fabrics was improved after the surface modification. The effect of the enzymatic graft modification on the properties of the jute/PP composites was evaluated. Results showed that after the modification, tensile and dynamic mechanical properties of composites improved, and water absorption and thickness swelling clearly decreased. However, tensile properties drastically decreased after a long period of water immersion. The thermal behavior of the composites was evaluated by TGA/DTG. The fiber-matrix morphology in the modified jute/PP composites was confirmed by SEM analysis of the tensile fractured specimens.
Introduction
Growing environmental responsiveness has led a considerable interest in using natural fibers as reinforced materials of polymer-based composites. Natural bast fibers like hemp, sisal, ramie and jute offer a number of benefits since they have specific strength and stiffness, low density, low cost, renewability, and biodegradability [1, 2] . Among the natural fibers, jute is recognized as one of the most attractive reinforcement due to its high strength and modulus [3] . It is also noted that jute is relatively inexpensive and commercially available in a required form.
However, the lack of strong adhesion to most polymeric matrices has prevented the extended utilization of jute fibers due to its high moisture absorption tendency and poor wettability [4] . Natural fibers are hydrophilic and possess polar functional group, while most of the thermoplastic polymers are hydrophobic and have non-polar functional groups [5] . In order to improve the interfacial bonding between the fibers and polymer matrix, either physical or chemical modifications on the surfaces of fibers or the polymer matrix have been developed [6] [7] [8] [9] [10] . Moreover, the utilization of coupling agents as the bridges between fibers and matrix was also presented as an attractive method for improving compatibility of fibers with polymer chains [11] .
In recent years, biocatalytic technologies find expanding applications in the modification and processing of textile materials owing to the eco-friendly nature and mild conditions. Various enzymes such as laccase have been used in industrial processes. Laccase (p-diphenol: oxygen oxidoreductase, EC 1.10.3.2) belongs to copper-containing oxidases, which catalyze reduction of molecular oxygen to water, bypassing hydrogen peroxide formation [12, 13] . The reaction usually involves oxidation of lignin moieties on the jute surface to create a radical-rich reactive surface to which oxidized (radicalcontaining) or non-oxidized molecules of interest can be grafted. The alkyl gallates, having a molecular structure composed of a hydrophilic head (phenolic ring) and a hydrophobic alkyl chain, have been successfully grafted on wool by laccase to produce a textile material with antimicrobial, antioxidant and water repellent properties [14] . In our previous work, dodecyl gallate was enzymatically grafted onto the jute fabric by laccase to improve the hydrophobicity of jute [15] . However, as far as we know, there is no attempt regarding the effect of chain length upon the hydrophobicity of jute and the properties of modified jute reinforced composites.
In the current work, alkyl gallates with different aliphatic chain length, such as propyl gallate (PG), octal gallate (OG) and dodecyl gallate (DG) were enzymatically grafted onto jute fabric by laccase to increase the surface hydrophobicity of the fiber. The schematic illustration of the reaction is presented in Figure 1 . In addition, the influence of alkyl chain length on the water absorption, thermal, tensile and dynamic mechanical properties of the jute/PP composites was investigated.
Experimental

Materials
Jute fabrics (100 %) with an average area weight of 0.0417 g/cm 2 were supplied by Longtai weaving Co., Ltd. (Changshu, China). Laccase (Denilite II) with an activity of 45 U/g from Aspergillus was provided by Novozymes (Shanghai, China). Propyl gallate (PG) (M W =212.21), octal gallate (OG) (M W =282.33) and dodecyl gallate (DG) (M W = 338.44) (98 % purity, chemical structures of all these alkyl gallates in Figure 1 ) were obtained from J&K Technology Co., Ltd. (Beijing, China). Polypropylene (PP) spunlace nonwoven cloth obtained from Yonghui textile technology limited company (Yangzhou, China) was used in this study. It has an area density of 0.0142 g/cm
2
, and melting temperature of 164 o C. All other reagents were purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China) and were of analytical grade.
Pretreatment of Jute Fabrics
The jute fabrics were Soxhlet-extracted with a 2:1 mixture of benzene and ethanol at 90 o C for 12 h to remove lipophilic extractives, followed by boilling with distilled water for 3 h. Therefore, more lignins were exposed on the surfaces of the jute fibers.
Hydrophobic Modification of Jute Fabrics
Jute fabrics were immersed in the solutions of laccase (2.5 U/ml) for 10 min, and then incubated for 4 h in the presence of PG, OG and DG (10 mM) in a shaking bath, respectively. The reaction was allowed to proceed in 80/20 (v/v%) of 0.2 M acetate buffer/EtOH solutions with a fabricto-liquor ratio of 1:50 at pH 3.5 and 50 o C. After the reaction, the jute fabrics were first rinsed with deionized water at 80 o C for 20 min, then washed with water, and then air-dried.
Finally, the jute fabrics were Soxhlet-extracted with acetone at 75 o C for 12 h.
Manufacturing of Composite Laminates
A hand lay-up technique was used to prepare jute/PP composite samples. PP nonwoven cloth (three layers) and pre-weighted jute fabrics (two layers) in a mass ratio of 1:1 were placed alternately (sandwich method) in a mold. Then the prepared sandwich was compressed in the heat press under a pressure of 4 MPa and at 180 o C by using hot pressing for 5 min. The composites were then removed from the mold and cured at room temperature for further use.
Fourier Transformation Infrared Spectroscopy (FTIR) Analysis
FTIR spectra of control and alkyl gallates modified jute fabrics were recorded using using a Nicolet iS10 FT-IR spectrometer (Thermo Fisher Scientific, USA) with the ATR technique. Each spectrum was obtained by coadding 16 scans with a resolution of 4 cm -1 with the range of 4000-650 cm 
Contact Angle Measurements
In order to study the hydrophobic property of jute, contact angles were measured using a SL200B static contact angle/ interfacial tension meter (Kino Industry Co, USA). A drop of water (2 μl) was dropped on jute fabric samples through a micro-syringe. At least five measurements were taken from different areas on sample surface and the results were averaged.
Dimension Stability Test
The water absorption and thickness swelling were determined in accordance with ASTM D 5229. Before testing, the weight and thickness of each composite sample (100 mm× 20 mm×1 mm) were measured. Each type of composite samples was immersed in distilled water at room temperature for 24 h, and then taken out and wiped with filter paper to remove surface water before measurement of weight and thickness. The samples were re-immersed in water to continue sorption until saturation. The dimension stability test continued for several days until constant weight of a sample was attained.
Thermogravimetric Analysis (TGA) Measurements
Thermal stability of samples was assessed by TGA/SDTA 851e thermogravimetric analyzer (METTLER TOLEDO, Switzerland). TGA measurements were carried out on 5-10 mg samples over a temperature range of 30- 
Tensile Test
The tensile properties of jute/PP composites were measured by a KD111-5 microcomputer-controlled electronic universal testing machine. The samples with a dimension of 100 mm (length)×20 mm (width)×1 mm (thick) were fixed on the shelf of the universal testing machine. The gauge length was set at 60 mm, and the testing speed was 2 mm/min. Five specimens for each configuration were tested and averaged.
Scanning Electron Microscopy
The fracture surfaces of the jute-reinforced composites were investigated using a SU1510 SEM (Hitachi, Japan). The surfaces were previously coated with gold to avoid charging under the electron beam.
DMA
Dynamic mechanical analysis (DMA) was performed in three-point bending mode using a DMAQ800 analyzer (TA Instrument, USA). The measurements were carried out using rectangular specimens of dimensions 60 mm×8 mm× 
Results and Discussion
FTIR Analysis
Changes in the surface chemistry of the enzymatically modified jute fabrics were studied using FTIR spectroscopy. Figure 2 shows the comparison among the ATR-FTIR spectra of the control, PG-grafted, OG-grafted and DG-grafted jute fabric samples. Compared with the control sample, two new peaks corresponding to the saturated C-H stretching vibrations appeared at 2922 and 2854 cm -1 , which is considered to be the consequence of long alkyl chain in the alkyl gallates. These results are similar to those previously reported by Dong et al. [15] . Furthermore, the peak intensity of the saturated C-H stretching vibrations increased gradually increasing the length of the alkyl chain of the gallates grafted. The spectrum of the alkyl gallate-grafted jute has several stronger peaks at 1732 and 1647 cm -1 , which correspond to C=O stretching vibrations. The FTIR results clearly demonstrated that the alkyl gallates have been covalently grafted onto the surface of the jute fibers by laccase.
Effect of Surface Modification on Contact Angle and Wetting Time
In order to get insight into the hydrophobic properties of jute fabric used for the fabrication of jute/PP composites, contact angles of jute fabrics were determined as mentioned in the experimental part, and the results are presented in Figure 3 .
The water contact angle of the control jute fabric was found to be 106.61 respectively. Jute fabric modified with alkyl gallates exhibited an increase in wetting time and water contact angles compared to those obtained from unmodified jute. The longer the hydrocarbon chain of alkyl gallate grafted on jute was, the higher were the contact angle and wetting time. Higher contact angle value and wetting time indicated more hydrophobic nature of samples. The increased hydrophobicity of the jute fiber can be explained by the presence of long hydrocarbon chains on the surface of the jute fiber. Since the untreated jute fibers exhibit high hydrophilicity, they are inherently incompatible with hydrophobic polymer matrix materials and especially for poor interfacial adhesion between the hydrophilic jute fibers and PP [16] . Therefore, the hydrophobic modification of jute fibers could improve the interfacial adhesion, which would be conductive to the enhancement of the final mechanical behavior of composite materials [17] . 
Water Absorption and Thickness Swelling of the Composites
Water penetration into composites can be conducted by the gaps and flaws at the interfaces between the jute fibers and polymers because of incomplete wettability and impregnation. Due to the presence of hydroxy and other polar groups of jute, the poor compatibility of hydrophilic jute and hydrophobic polypropylene results in a number of gaps and flaws and weak interfacial adhesion. Therefore, hydrophobic modification of jute fibers are necessary before using them in polymer composites [18, 19] .
The water absorption and thickness swelling as a function of the immersion time for the jute/PP composites are shown in Figure 4 and Figure 5 . It can be seen that for all the four composites investigated, water absorption and thickness swelling increased linearly with immersion time in the initial stage of the absorption process, then the increasing rate slowed down, and finally led to a plateau, corresponding to the water uptake equilibrium. This was in accord with most water absorption studies on natural fiber-reinforced composites [20, 21] . The untreated jute/PP composite presented the highest water absorption (26.48 %) and thickness swelling (22.58 %). As expected, all the samples modified with alkyl gallates exhibited a decrease in water absorption and thickness swelling values compared to those obtained from untreated jute/PP composites. Furthermore, a clear effect of alkyl chain length on both parameters was observed. The incorporation of DG with longer chain lengths (12 carbons) showed the lowest water absorption (22.21 %) and thickness swelling (17.05 %). The decrease in water absorption and thickness swelling were attributed to the improved interfacial adhesion that reduced water accumulation in the interfacial voids and prevented water from entering the jute fiber.
Tensile Properties of the Composites
Effective wetting and uniform dispersion of fibers in a given matrix and strong interfacial adhesion between the phases are required to obtain a composite with satisfactory mechanical properties [22] . Tensile properties can directly reflect the interfacial properties between matrix and fibers [23] . The effect of surface treatment of jute fabrics on the tensile strength, tensile modulus and elongation at break of the composites are given in Table 1 .
It was observed that the control jute/PP composite showed the lowest tensile strength (34.58 MPa) and tensile modulus (2669.57 MPa) among the different types of composite. After enzymatic modification, the tensile strength of the composites reinforced by PG-grafted, OG-grafted and DGgrafted jute fabric increased by 6.45 %, 7.17 %, and 16.54 %, respectively. Moreover, the tensile modulus of the composites reinforced by PG-grafted, OG-grafted and DG-grafted jute fabric increased by 3.30 %, 9.58 %, and 17.60 % compared with that of the control one. However, the enzymatic modification almost had no effect on elongation at break. These enhancements in tensile strength and modulus indicated the effectiveness of the surface modification of the jute fabrics. The long chain molecules presented in alkyl chain of gallates interacted with PP leading to a van der waals' type of interaction. Therefore, better interfacial compatibility were obtained, which satisfied the requirement for reinforcing the composites with better mechanical properties. The tensile strength and modulus of the composites before and after water immersion of 216 h are compared in Figure  6 , 7. In general, the tensile properties of the fiber-reinforced composites are decreased after the water immersion, due to the effect of the water molecules, which change the structure and properties of the fibers, matrix and the interface between them [24] . As expected, both untreated jute/PP composites and modified jute/PP composites experienced reductions in tensile strength and modulus upon immersing in water. This could be due to the fact that the immersion of composites in water reduced the interfacial adhesion between the jute fiber and matrix and created the debonding leading to a decrease in the mechanical properties of the jute/PP composites [25] . Fortunately, all composite samples reinforced by alkyl gallatemodified jute exhibited an increase in tensile strength and modulus retention compared to those obtained from unmodified jute/PP composite (see Table 2 ). The increased retentions of tensile strength and modulus indicated that the existence of alkyl gallates tended to decrease moisture attack, i.e., incorporating jute fibers into the PP caused improvements in tensile strength and modulus retentions. These changes of tensile strength and modulus agreed well with the changing pattern of water absorption vs. immersion time. It was also found that the tensile strength retention for all composites were higher in comparison to the tensile modulus retention. In other words, the tensile strength of the composites tested in this work was less sensitive to water absorption.
SEM Analysis of Fracture Surfaces
As the compatibility between the jute fibers and matrix were improved, the fiber-matrix interaction increased and resulted in the development of a stronger interface. In order to corroborate this, the fracture surfaces of the composites are observed by SEM and the micrographs obtained are shown in Figure 8 . In the case of unmodified jute/PP composites (Figure 8(a) ), considerable fiber pull-out was visible in the fracture surface. This indicated poor interfacial adhesion and inadequate wetting of the unmodified fibers with the PP matrix. For the alkyl gallate modified jute/PP composites (Figure 8(b)-(d) ), relatively higher fiber-matrix adhesion and some pull-out of fibers also were observed. The modified jute fibers were better coated by PP matrix that considerably reduced the gaps between them. It was also observed that the PP matrix were pulled out together with the jute fibers during tensile fracture. Therefore, it could be concluded that better fiber-matrix adhesion were obtained owing to the enzymatic hydrophobic modification of the jute fibers.
TGA Analysis
A thermal analysis study was necessary to determine the influence of fiber addition into polymer on the thermal stability of composites and to confirm any degradation process during composites production [26] . Thermal stability of pure PP, composites reinforced with unmodified or modified jute fabrics is enumerated in TGA ( Figure 9 ) and DTG ( Figure  10 ) thermograms. Pure PP showed a one-step decomposition process, while composites clearly presented a two-step process. In the case of the PP, a major decomposition occurred from 400 thermal cleavage of glycosidic linkage by transglycoylation and scission of C-O and C-C bonds [28] . The second decompositon occurred between 400 and 500 o C indicated the degradation of PP matrix. The results revealed that the influence of the enzymatic hydrophobic modification of jute on thermal properties of the jute/PP composites was slight.
From Figure 8 it is clear that the second peak in the case of jute/PP composites are shifted to higher temperature (about 10 o C) region compared to PP, suggesting that the thermal stability of the fiber-reinforced composites are higher than that of pure PP due to fiber/matrix interactions. DMA Analysis DMA can provide reliable information over the relaxation behaviour of the materials examined [29] . In order to evaluate the effect of enzymatic hydrophobic modification on the efficiency of fiber/matrix interfacial adhesion, thermomechanical properties of the jute/PP composites were measured. The storage modulus (E'), loss modulus (E''), and normalized tan δ curves of the composite samples are illustrated in Figure  11-13 .
The E' is useful in assessing the molecular basis of the mechanical properties of materials because it is very sensitive to structural changes, such as fiber-matrix interfacial bonding [30] . Variation of E' as a function of temperature for jute/PP composites is graphically enumerated in Figure 11 . The values of the E' for all composite samples dropped as the temperature increased. There has been a significant increase in the E' of PP composites reinforced with alkyl gallatesgrafted jute fabrics over the whole range of testing temperatures, especially for the DG-grafted jute/PP composites. This situation can be explained as a result of improved interfacial adhesion between modified jute and the PP matrix, which allowed a greater degree of stress transfer at the interface. The increase of the modulus was also observed in the tensile tests.
The loss modulus is proportional to the amount of energy that dissipated as heat by the material [31] . Figure 12 presents the loss modulus of the control and modified jute/ PP composites as a a function of temperature. The alkyl gallates-grafted jute/PP composites produced higher values of E'' than did the control jute/PP composites. The E'' peak is attributed to the mobility of the resin molecules. After the enzymatic hydrophobic modification of jute fibers, the transitional peak shifted to a higher region. In the experimental range, the E'' peak of control jute/PP composite appeared at 72.07 o C, and it shifted to 79.28 o C in the DG-grafted jute/PP composite. The obtained increase in the transitional peak is probably the fact of immobilization of the polymer molecules near the surface of the modified jute fibers due to the improved interfacial adhesion.
The value of tan δ, the damping energy ratio, is an indication of the molecular motions existing in the materials [31] . The tan δ values of untreated and alkyl gallates-grafted jute/PP composites are shown in Figure 13 . tan δ values were fairly stable at low temperature but increased rapidly at temperatures above 40 o C. The lowering of tan δ values suggests the restraining effect of the fibers on the matrix mobility [32] . These restrictions were enhanced with enzymatic hydrophobic modification of jute. The improved interfacial adhesion tended to reduce the mobility of the molecular chain at the interface which was accordingly revealed by the decrease in tan δ values.
Conclusion
An enzymatic method using laccases for grafting the alkyl gallates (PG, OG and DG) on jute fabric was developed to promote its adhesion with a PP matrix. The covalent grafting of the alkyl gallates on jute was confirmed by the increased methylene and carbonyl groups in the FTIR spectra of the jute fabric. Contact angle and wetting time results showed that the alkyl gallates modified jute obtained excellent hydrophobilicity. Alkyl gallate treated jute/PP composites showed lower water uptake and better dimensional stability because of the higher interfacial interactions. The properties of jute/PP composites revealed that they were strongly influenced by the alkyl chain length of the gallates. The longer the hydrocarbon chain of alkyl gallate grafted on jute was, the better was the tensile and dynamic mechanical properties. Hydrophobic modification of jute by laccase did not have any significant effect on the thermal properties of the jute/PP composites. Therefore, it is believed that this surface hydrophobic modification by enzyme can be used an effective and environmentally friendly fiber modification method for the production of natural fiber-reinforced composites.
